The 110 
Introduction
The reconstructed history of terrestrial biogenic production and atmospheric circulation developed here is based upon the ammonium component of the multivariate glaciochemical record of concentrations of eight major ions (calcium, potassium, magnesium, sodium, chloride, sulfate, nitrate, and ammonium) from the Greenland Ice Sheet Project 2 (GISP2) ice core recovered at Summit, Greenland (72.6øN, 38.5øW, 3200-m elevation). The GISP2 record from the present to 110,000 ammonium record presented by Fuhrer et al. [1996] is the result of high-resolution continuous measurements over the depth intervals 100-600, 1300-2060, and 2280-3020 m corresponding to the time intervals 300-3000, 8000-25,000, and 40,000-100,000+ years ago, respectively.
The primary sources of ammonium in the atmosphere have recently been reviewed and the magnitudes of their contributions estimated by Dentener and Crutzen [1994] . The primary natural sources (nonanthropogenic) of ammonium arise from biological emissions of ammonia from plants, soils, and animals and the burning of biological material (forest and grass fires). Ammonia is the major gaseous base for the atmospheric neutralization of H2SO4 and HNOa and, under conditions which generally prevail, once emitted to the atmosphere it is rapidly converted (in a matter of hours) to NH4HSO4 and (NH4)2HSO4 [Dentoner and Crutzen, 1994; Legrand and Kirchner, 1990] . Once converted, the resulting ammonium compounds have an atmospheric lifetime of the order of days and can be transported relatively long distances by atmospheric circulation processes. As a consequence, background levels of NH4 deposited in high-latitude glaciers, especially during the preanthropogenic era, derive primarily from continental biological production with other poorly quantified (and presumably smaller) sources from marine biological emissions and decaying organic matter on rotting pack ice [Dentener and Crutzen, 1994; Talbot et al., 1992] .
In addition to background levels due to these sources, high-resolution records of ammonium concentrations from ice cores generally include a number of unusually large "spikes" that originate through tropospheric transport of the products of biomass burning and have been used to reconstruct histories of such events [Fuhrer et al., 1993 [Fuhrer et al., , 1996 Here our focus is not on biomass burning events nor subdecadal variation of the Holocene portion of the GISP2 core (which will be discussed in detail elsewhere); rather, we utilize two distinctive features of the GISP2 record, continuous sampling and simultaneous measurement of the eight major ions, to develop a continuous history of terrestrial biogenic production and related atmospheric circulation patterns over the past 110,000 years. Our discussion will be based primarily on two series derived from the original GISP2 NH4 series by application of spline-based, robust, low-pass filters. Such filters are of advantage here as they are insensitive to outliers and applicable to nonuniformly sampled time series [Meeker et al., 1995] . The original NH4 series was subjected to a low-tension filter tuned to remove subdecadal variation and a high-tension filter tuned to remove suborbital scale variation. Figure 1 displays the original series and the low-tension output, DB, and high-tension output, OB, representing decadalto-centennial and orbital scale variation in ammonium concentrations, respectively. In addition to the two series, DB and OB, we will utilize a resampled version of DB using uniform 50-year samples for those statistical procedures requiring uniformly sampled time series.
The record of biological activity we develop below complements those recently derived from time series of methane concentrations from the GISP2 ice core [Chappellaz et al., 1993; Brook et al., 1996] . Unlike methane, the lifetime of ammonium in the atmosphere is too short in comparison to atmospheric mixing times to generate a hemispheric or global ammonium signal. As a consequence of its short atmospheric lifetime, the amount of ammonium scavenged from the atmosphere by precipitation at a particular site (e.g., Summit, Greenland) is the result of contemporaneous production in source areas (biological, anthropogenic, or other) and atmospheric circulation patterns. Thus the decadal scale variability of NH4 concentrations described by the DB series represents a detailed view of paleobiological activity and atmospheric circulation not available from the history of methane concentrations. 
Ion
is intended to remove this dependency in order to obtain an improved estimate of atmospheric concentrations and thereby to provide a more accurate estimate of changes in atmospheric concentration over time.
Flux calculations based on (3) have proven useful in short term studies (i.e., single storm events) for which an assumption of constant Ct is reasonable and one is certain that chemical deposition occurred at the same time as the measured accumulation of H20 . However, the chemical concentrations derived from typical ice core samples are, in general, the result of deposition over several precipitation events, several seasons, or even several years. It is (2) which motivates the "flux correction" of (3) and it is not clear a priori that it is a valid representation of physical reality when considered over extended time periods. For this reason we conducted an empirical study of the relationships among soluble ion concentrations from the GISP2 ice core and which were assumed to be essentially constant during each period. Our goal, however, is to study these relationships in the presence of mutual variation induced by change in common climate forcing factors and so we utilize a standard tool of multivariate statistical analysis for our investigation. As shown in Table 2 , the data strongly support the second interpretation discussed above. These data fail to show any significant relationship between short-term variation in H20 accumulation and that of the concentration of any chemical species. Evidently, any enhancement or dilution of measured concentrations in the ice by patterns of wet or dry deposition over the sample intervals, as is sometimes observed over short observation periods, is minimized by the multiyear averaging of the GISP2 samples.
EOF Analysis: Ion Concentrations and H•O Accumulation
From this analysis it is clear that the time series w4 associated with the fourth EOF shown in Table 1 
Regression Analysis of First Differenced

Series
In addition to the EOF analyses above, other tests of (2) were performed. Equation ( models explained more than 1% of the variance in the differenced ion series, and none of the estimates of A1 or A2 was significantly different from zero.
Implications of Joint Chemistry and Accumulation Investigations
The regression analysis and two preceding multivariate EOF analyses of these series, the longest joint record of accumulation and chemical concentrations presently available, implies that if (2) In general, the PCI increases during colder periods (stadials) and decreases during warmer periods (Holocene and interstadials) as the extent and magnitude of the It is important to note that the major components of the ammonium series are described by EOFs 2 and 3, which are statistically uncorrelated with the PCI. As a consequence, the ammonium concentrations in the GISP2 core do not simply record a passive response to the dynamics underlying the PCI. On the contrary, the biological sources of ammonium create an active component that responds to different forcing factors than the PCI or, at least, responds to the same factors through independent mechanisms. Therefore, unlike the glaciochemical series originating from terrestrial dust or marine sea salt, 96% of the variation in the complex pattern of increase and decrease in ammonium concentrations during the past 110,000 years is not explained by the PCI.
Orbital Scale Variation in Biological
Production Background levels of ammonium described by the high-tension spline series OB of Figure I vary from a maximum of 11.5 ppb at •12,000 years ago midway The shortened delay in OB response to the insolation minimum at •20,000 years ago is to be expected, given that the level of insolation is higher and the continental ice sheets are receding rather than growing. The combined effects of the precession cycle, i.e., increasing summer insolation and shorter colder winters, created an environment in which biogenic production appears to have been rapidly reestablished in the newly ice free areas.
The Holocene
Background ammonium concentrations show a continuing decrease during the Holocene; however, unlike the pattern following earlier maxima in insolation, the rate of decrease varied markedly during the period (Figures I and 3) . The background ammonium concentrations described by OB decreased at an approximate rate of 0.6 ppb per 1000 years following the two maxima at 80,000 and 100,000 years ago, yielding a decline which paralleled that of the summer insolation (Figure 3a) . However, following the maximum at 12,000 years ago, ammonium concentrations described an initial rapid decline of •0.7 ppb per 1000 years, which slowly moderated to form a "plateau" of •8 ppb at 6000 years ago. 
Spectral Analysis
As is to be expected from the preceding discussion, spectral analysis [Bloomfield, 1976] 
Summary: Orbital Scale Variation in Biological Production
Maxima in long-term levels of the biogenically produced ammonium concentrations from the GISP2 ice core occur at times of major maxima in summer insolation. This basic relationship is modified by the effects of growing or retreating ice sheets on source areas and atmospheric circulation patterns. In particular, these relationships cause minima in biogenic production and alterations in atmospheric transport processes to lag behind minima in summer insolation.
Decadal and Centennial Scale Variation in Biological Production
The OB series discussed above does not reflect changes in ammonium concentrations on scales less than a millennium. The low-tension spline series, DB, on the other hand, records changes in ammonium source areas, source strength, and atmospheric circulation patterns and intensity that persist for only a few decades or centuries. The identification of the most probable of these mechanisms associated with any particular feature in the DB record can be, of course, a difficult problem. Nevertheless, the multivariate GISP2 record and its summary by the PCI, in particular, provide considerable guidance in the task. The DB series represents variation about the orbital scale record of biogenic production described by the The reason for the generally low background levels of ammonium in the Greenland atmosphere during these intervals is easily understood from the previous discussion of factors influencing the OB series. These same forcing agents make it extremely unlikely that increases in ammonium concentrations during the coldest portions of these cold periods is the result of an increase in source strength. Rather, the probable origin of syn- This analysis has identified two climatic modes of short-term variation in atmospheric circulation and biological production which prevailed for periods comparable to, but not always contemporaneous with, the marine isotope stages.
Intervals E, C, and A (Fig. 4) 
